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SUMMARY 


A.  OBJECTIVES  OF  THE  CONTRACT 

The  objectives  of  this  contract  are  to  develop  an  atomic  hydrogen 
maser  frequency  and  time  standard  which  is  smaller  and  lighter  by 
a  factor  of  eight  or  more  from  previous  designs  aid  which  is  corre¬ 
spondingly  less  expensive,  but  which  exhibits  improved  stability 
performance  over  other  atomic  standards,  as  well  as  improved  relia¬ 
bility,  efficiency,  and  operating  life. 

B.  TECHNICAL  PROBLEM 

Atomic  hydrogen  maser  frequency  and  time  standard  i  exhibit  excep¬ 
tionally  good  stability,  reproducibility,  and  accuracy,  and  are 
potentially  useful  in  a  wide  range  of  critical  applications. 

However,  in  the  past  these  masers  have  been  very  large  (180x50x50  cm 
very  heavy  (200-400  Kg),  and  very  expensive  ($100,000.00  and  up). 

The  large  size  has  been  due  to  the  use  of  a  large  microwave  cavity 
resonant  at  the  hydrogen  frequency,  with  associated  vacuum  system, 
magnetic  shields,  and  thermal  enclosure.  If  means  for  reducing 
the  cavity  size,  while  maintaining  adequate  cavity  quality  factor 
and  other  physical  parameters,  can  be  realized,  the  technological 
and  financial  benefits  will  be  correspondingly  improved. 

The  present  contract  arose  from  an  unsolicited  proposal  to  prove  out 
a  previously  conceived  new  method  of  realization  of  a  much  smaller 
maser  cavity  resonator  structure. 

C.  GENERAL  METHODOLOGY 

The  general  approach  is  to  first  measure  and  evaluate  a  range  of 
cavity  resonator  and  storage  bulb  assemblies  having  the  new  config¬ 
uration  to  establish  the  best  geometrical  shape  and  dimensions, 
then  to  design  and  test  a  breadboard  model  hydrogen  maser,  and 
finally  to  design,  fabricate,  evaluate,  and  deliver  to  the  US  Air 
Force  one  operational  atomic  hydrogen  maser  standard* prototype . 

The  period  of  the  contract  is  3  years,  which  started  in  March  1979. 


D. 


TECHNICAL  RESULTS 


With  27  months  of  the  program  complete,  the  work  is  on  schedule.  Preliminary 
tests  of  representative  cavity  resonator  configurations  provided  the  guide¬ 
lines  for  construction  of  a  breadboard  feasibility  model  maser.  The  b’-erd- 
board  maser  tests  were  successful  ly completed ,  and  a  deliverable  prototype- 
maser  was  designed.  The  prototype  maser  is  in  the  final  stage  of  assembly, 
anti  operational  tests  will  be  performed  in  the  near  future. 

E .  FUTURE  WORK 

The  next  technical  reporting  period  covers  completion  of  the  contract. 

After  assembly,  evaluation,  and  documentation  are  completed,  the  prototype 
maser  will  be  delivered  and  the  final  report  will  be  submitted  for  approval 
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PROGRAM  OVERVIEW 


The  new  approach  to  atomic  hydrogen  maser  design  upon  which  the  LIGHT 
WEIGHT  HYDROGEN  MASER  DEVELOPMENT  PROGRAM  of  the  present  contract  rests 
is  described  in  reference  (1),  "Small,  Very  Small,  and  Extremely  Small 
Hydrogen  Masers,"  by  Harry  E.  Peters.  Subsequent  work,  in  the  present 
program  has  also  been  described  in  the  paper  (2),  "New  Hydrogen  Maser 
Designs,"  and  (3),  "Feasibility  of  Extremely  Small  ll^Jrogen  Masers," 
by  the  same  author.  As  is  widely  recognized,  there  is  a  critical  need 
for  the  stability  properties  of  the  hydrogen  Miaser  in  many  applications, 
such  as  space  tracking,  navigation,  global  positioning  systems,  basic  time 
and  frequency  standards,  geodesy,  communications,  and  radio  astronomy. 
Widespread  use  has  been  limited,  however,  due  to  the  hydrogen  maser's 

3 

large  size  (30  Ft  ),  heavy  weight  (300-800  pounds),  great  cost  ($100,000.00 
to  $300,000.00),  and  general  unavailability  (only  government  funded 
Laboratories  have  constructed  hydrogen  masers  heretofore.) 

Success  with  the  new  design  concept  will  make  hydrogen  masers  very 
attractive  for  a  number  of  applications  now  served  by  less  adequate 
standards  such  as  cesium,  rubidium,  or  crystal  oscillators.  With 
wide  spread  use  the  cost  will  be  reduced  further,  and  large  numbers 
will  make  it  feasible  for  commercial  sources  to  provide  service  and 
application  support  not  presently  available. 

There  are  3  basic  phases  to  the  present  program.  First,  to  make 
measurements  of  cavity  and  storage  bulb  assemblies  based  upon  the 
new  concepts;  second,  to  design  and  test  an  operational  laboratory 
breadboard  maser;  and  third,  to  design,  construct,  test  and  deliver 
a  prototype  standard  to  the  US  Air  Force  for  performance  evaluation. 

The  program  phases  and  the  time  schedule  were  outlined  in  attach¬ 
ments  1  and  2  of  the  first  Interim  Technical  Report. 

II  PROGRESS 

At  the  present  time  27  months  of  the  36  month  contract  period  has  passed, 
and  the  work  is  on  schedule.  Since  the  last  Interim  Technical  Report  was 
presented,  the  electronic  and  physical  subassemblies  of  the  deliverable 
prototype  hydrogen  maser  have  been  assembled  and  final  processing  and 
assembly  of  the  maser  is  nearing  completion  at  this  writing.  A 


description  of  the  prototype  maser  and  a  discussion  o  current  research 
results  was  presented  at  the  35th  Annual  Symposium  on  Frequency  Control 
in  a  paper  "Feasibility  of  Extremely  Small  Hydrogen  Masers,"  (3).  A 
copy  of  this  paper  is  attached. 

III  WORK  FOR  THE  NEXT  REPORTING  PERIOD 

The  next  technical  reporting  period  covers  completion  of  the  contract. 

After  assembly,  evaluation,  and  documentation  are  completed,  the  prototype 
maser  will  be  delivered  and  the  final  report  will  be  submitted  for  approval. 

IV  EQUIPMENT  PURCHASES 

There  have  been  no  purchases  of  special  government  owned  equipment 
this  period. 

V  PERSONNEL 

There  have  been  no  changes  in  personnel.  There  is  one  person  presently 
engaged  in  this  effort,  the  principal  investigator,  Harry  E.  Peters. 

VI  PREVIOUS  AND  RELATED  CONTRACTS  AND  PUBLICATIONS 

There  are  no  previous  or  related  contracts.  There  has  been  one  publ  icati  on  , 
Reference  (3)  attached,  which  discribes  work  performed  under  this  contract. 
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Summary 

The  possibility  of  achieving  much  smaller 
and  less  expensive  hydrogen  masers  than  have 
been  built  in  Che  past  was  pointed  out  in  a 
paper  presented  at  this  symposium  in  1978. 1 
Experimental  work  to  establish  the  feasibility 
of  a  "Small  Hydrogen  Maser,'*  with  physics  unit 
onl v  9.0  inches  in  diameter  and  19.75  inches 
long,  has  since  been  undertaken  with  support  of 
the  United  States  Air  Force, c  and  progress  with 
this  work  was  presented  in  a  paper,  "New  Hydrogen 
Maser  Designs,"  which  was  presented  at  the  34th 
Annual  Symposium  on  Frequency  Control  in  1980.^ 

In  the  following  sections  progress  with 
the  "Small  Hydrogen  Maser"  prototype  which  is 
currently  being  assembled  is  presented.  In 
addition,  the  effect  of  cavity  pulling  on 
stability  is  discussed,  and  a  feasible  design 
for  an  "Extremely  Small  Hydrogen  Maser,"  with 
a  cavity  which  is  only  2  inches  in  diameter 
by  4  inches  long,  is  presented. 

Key  words  (for  information  retrieval) 
Hydrogen  Maser,  Atomic  Hydrogen  Standard, 
Frequency  Standard,  Frequency  Stability. 


Introduction 

The  active  hydrogen  maser  oscillator  has 
exceptionally  good  stability  for  all  measurement 
intervals  longer  than  one  second;  however  it  has 
found  its  greatest  usefulness  in  specialized 
applications  at  standards  laboratories ,  tracking 
stations,  and  radio  astronomy  observatories  due 
to  its  remarkably  superior  stability  for  the 
intermediate  measurement  intervals  between  one 
second  and  one  day.  Limited  from  wider  applica¬ 
tions  by  its  high  cost,  large  size,  and  heavy 
weight,  a  very  significant  effort  has  beer,  ex¬ 
pended  at  many  research  and  development  labora¬ 
tories  in  the  last  few  years  to  overcome  these 
obstacles  without  degrading  the  stability. 

The  present  paper  reports  on  the  progress 
achieved  in  size  and  weight  reduction  by  use  of 
a  novel  design  wherein  electrodes  are  mounted 
directly  on  the  storage  bulb.  Use  of  a  new  ap¬ 
proach  for  active  cavity  Q  enhancement  to  achieve 


oscillation  is  presented  and  the  effect  of  cavity 
pulling  on  the  maser  stability  is  considered.  At 
the  extreme  size  reduction  of  the  "Extremely  Small 
Hydrogen  Maser,"  the  performance  achievable  and 
the  corresponding  size  and  weight  benefits  are 
considered  in  the  last  section. 


Small  Hydrogen  Maser 

Figure  1  is  a  picture  of  the  "Small  Hydrogen 
Maser"  which  is  presently  being  assembled.  The 
instrumentation,  controls  and  electronics  sub¬ 
systems  have  been  completed.  The  processing  of 
physical  sub-systems  such  as  source,  storage  bulb, 
cavity  and  vacuum  enclosure  is  in  progress  at  this 
writing;  these  fit  within  the  blue  cylinder  in  the 
center  of  the  framework. 

The  electronics  sub-systems  have  neen  pacK- 
aged  in  funct iona) ly  separate  modules,  each  of 
which  may  be  uncovered  for  operational  testing 
without  disconnection  of  power.  They  may  also  be 
removed,  repaired,  or  replaced  as  units  in  case 
of  malfunction.  The  modules  on  the  front  panel 
are:  1.  Vac-Ion  pump  supply;  this  is  a  DC-DC 

converter  which  provides  3,000  volts  for  the  pump, 
2.  The  source  pressure  control  module  which  auto¬ 
matically  regulates  hydrogen  flow,  3.  The  re¬ 
ceiver  synthesizer;  this  supplies  the  405  KHz 
reference  frequency  for  the  receiver  phase  Iock 
loop  -  there  are  11  decades  of  control  which 
give  a  resolution  of  ±  5  x  10“i5  for  the  output 
frequencies,  4.  The  receiver  VCO  and  output 
buffer  amplifiers,  3.  The  receiver  local 
oscillator  multiplier  and  IF  amplifier  module, 

6.  The  module  containing  the  magnetic  field  and 
cavity  frequency  controls,  7.  The  instrumenta¬ 
tion  read-out  module.  There  are  18  read-out 
channels  which  are  selected  by  4  binary  coded 
switches  to  provide  visual  indication  of  vari¬ 
ables  on  a  4  *5  decade  digital  panel  meter. 

The  power  supply  has  been  placed  in  a  module 
mounted  at  the  rear  of  the  frame.  The  cover  may 
be  removed  for  changing  connections  or  trouble 
shooting  without  disconnecting  the  power.  Batter¬ 
ies  for  uninteruptable  standby  operation  are 
placed  in  a  separate  external  battery  pack.  For 
long  term  operation  without  A-C  power,  a  45  A-H 
capacity  battery  is  used  which  will  last  for 
fifteen  hours. 


Breadboard  Maser  Tests 


first  tests  of  a  breadboard  hydrogen  maser 
which  nau  cavity  and  bulb  dimensions  similar  to 
the  prototype  maser  presently  under  construction 
indicated  that  Che  maser  did  not  oscillate  at  the 
hydrogen  flux  available.  The  beam  was  observed 
using  pulsed  stimulated  emission.  After  opti¬ 
mizing  :n».  scarce  collimator  ana  realigning  tne 
beam  optics,  the  situation  was  improved,  but  the 
raster  still  would  not  quite  oscillate.  While  the 
ureadboarl  maser  oscillation  parameters  were  not 
as  ideal  a.»  mignc  be  achieved  with  improved  tech¬ 
nique?*  of  bulb  and  cavity  processing,  it  was  de- 
ciuea  to  try  a  new  methoc  of  cavity  Q  enhancement 
as  an  alternative  design  approach  to  assure  effi¬ 
cient  operation  and  to  facilitate  tests.  This 
was  successful,  and  using  this  method  the  bread¬ 
board  maser  oscillated.  The  effect  on  maser 
stability  and  the  method  used  are  discussed  in 
Che  following  sections. 

The  minimum  cavity  Q  for  oscillation  was 
approximately  20,000,  the  hydrogen  flux  was 
5  x  10-*  Torr-1 iter/second ,  3nd  the  line  Q  was 
9  x  10  .  Use  of  a  smaller  line  Q  in  the  proto¬ 
type  maser,  and  larger  bulb  aperture,  will  lower 
the  oscillation  threshold  and  lessen  the  effect 
of  spin-exchange  in  reducing  oscillation 
ampl itude. 


Cavity  Pulling 

Factor;’,  which  relate  to  the  resonant  cavity 
sui rounding  tne  maser  storage  bulb  are  most 
critical  in  determining  whether  the  maser  will 
oscillate,  how  high  the  hydrogen  beam  flux  must 
be,  anti  to  what  extent  the  maser  output  frequency 
is  changed  by  cavity  pulling.  If  the  cavity 
changes  by  an  amount  £  f c ,  the  oscillation 
frequency  will  change  by  an  amount 
u  fm  *  (Qc/Qi)  A-  fc*  Thus  we  would  like  to 
use  a  low  cavity  Q.  However,  the  flux  required 
for  oscillation,  as  well  as  the  spin-exchange 
parameter,  vary  as  ( i/Qc ) ,  so  too  low  a  cavity  Q 
results  in  unreliable  operation,  low  signal  to 
noise  ratio,  a  requirement  for  high  f lux ,  and 
early  pump  saturation.  So  one  is  forced  to  stride 
a  balance  between  achieving  a  practical  oscil¬ 
lating  maser  and  attainment  of  the  best  long 
term  stability. 

In  the  small  nydrogen  maser,  without  0 
enhancement,  the  ratio  of  cavity  Q  to  line  Q  is 
approximately  1.'.  x  which  is  comparable  to 

the  value  attained  in  conventional  large  hydrogen 
masers.  If  active  Q  enhancement  by  some  factor 
is  used,  the  mas ?r  will  be  that  much  more 
sensitive  to  cavity  frequency  changes.  Also, 
depending  upon  the  technique  used,  there  may  be 
severe  electronic  or  environmental  perturbations 
of  the  maser  output  frequency. 

rthile  it  is  dearly  desirable  to  minimize 
the  amount  of  Q  enhancement  used,  the  small  ratio 
of  Qc  to  iJi ,  a*>  well  as  the  low  cavity  thermal 
coefficient,  permits  Qc  to  be  raised  significantly 


whil«  still  roaintai*.*.  *  good  long  term  stability, 
providing  some  of  cne  problems  innerenc  in  previ¬ 
ous  attempts  to  use  Q  ennancement  can  oe  avoided. 

Active  Cavity  Q  Enhancement 

Figure  2  illustrates  two  i-preathes  to  r/ora- 
gen  maser  cavitv  Q  enhancement  Figure  2a  ...  .s* 
traces  the  methods  described  in  references  (*)  aro 
(5).  Two  coupling  loops  are  used  ana  coaxial 
cable  connects  these  to  a  variable  gain  amplifier, 
a  oand-pass  filter,  ar.d  a  phase  matching  circuit 
so  chat  a  signal  of  proper  amplitude  ana  phase  is 
returned  to  the  cavity  to  reduce  the  losses.  The 
amplifier,  filter,  phase  matching  network,  and 
coaxial  connections  are  outside  the  thermally  con¬ 
trolled  and  shielded  region  of  the  maser  cavity. 
The  inherent  mechanical,  thermal,  and  electronic 
perturbations  inherent  in  this  method  introduce 
unaceptable  frequency  perturbations  for  use  as  a 
standard.  Wang-*  has  added  a  cavity  stab i lizai ior 
servo  to  avoid  these  problems,  however,  this 
entails  additional  complexity,  as  well  as  new 
perturbations . 

Figure  2b  illustrates  the  method  developed 
for  use  in  the  small  hydrogen  maser.  In  this 
case,  a  transistor  amplifier  is  couplec  direrr’.y 
to  a  single  loop  within  the  maser  cavity.  The 
phase  and  gam  parameters  are  adjusted  by  varying 
the  bias  voltage.  The  circuit  i9  mounted  on  the 
cavity  adjacent  to  the  magnetic  shield.  Using 
swept  frequency  methods,  the  enhanced  cavity 
resonance  is  measured  just  as  in  a  conventional 
maser  cavity  without  gain.  The  signal  is  detected 
through  a  separate,  independent,  loop  using  very 
light  coupling.  It  should  be  emphasized  that  the 
only  real  difference  between  these  two  figures  is 
that  there  are  no  kF  components,  other  than  the 
output  connection,  outside  the  maser  inner 
magnetic  shit.  Id  in  Figure  2b.  Thus  one  may 
achieve  the  degree  of  thermal  and  mechanical 
stability  typical  of  a  single  cavity  structure. 

Extremely  Small  Hydrogen  Maser 

If  active  cavity  Q  enhancement  is  to  be  usee, 
the  usual  restrict  ions  on  cavity  size  are  greatly 
reduced.  In  fact,  by  reducing  cavity  size,  one  of 
Lhe  most  difficult  problems  can  be  eliminated.  In 
a  large  cavity  there  are  numerous  high  Q  resonant 
modes.  To  avoid  spurious  oscillations  one  must 
couple  only  to  the  proper  mode,  or  assure  that  the 
gain  at  extraneous  resonance  frequencies  is  snail. 
This  can  be  accomplished  by  a  band-pass  filter  in 
the  conventional  method  of  figure  2a,  or  by  proper 
configuration  of  the  cavity  and  judicious  orien¬ 
tation  of  the  coupling  loop  in  the  method  of 
figure  2b. 

A  much  better  way  is  to  make  the  cavity  small 
enough  chat  tne  only  mode  within  the  band-pass  of 
the  cavity  amplifier  is  the  one  desired  at  the 
hydrogen  frequency.  A  cavity  4  inches  long  by 
2  inches  diameter,  with  bulb  1  inch  in  diameter 
having  electrodes  configured  as  in  reference  (1), 


nav  be  maue  rusonanc  in  the  proper  mode,  and 
extraneous  resonances  are  an  octave  or  more 
ni^her  in  trequency.  A  test  cavity  or  copper, 
with  a  quart:  cube,  whtcn  closely  approx iraate-q 
the  desired  physical  shape  and  electrical  para¬ 
meters,  has  been  measured.  The  loaded  Q  ranged 
from  ‘>,000  with  no  active  gain,  Co  over  50,000 
with  gain,  and  could  be  controlled  by  bias 
voltage  variation  within  this  range.  There  were 
no  other  resonances  within  the  1,800  MHz  maximum 
frequency  of  the  instrumentation. 

The  line  Q  of  a  maser  with  a  oge  inch 
jiamecer  ouib  would  be  about  4  x  10°,  extrapolat¬ 
ing  from  the  2  inch  diameter  bulb  of  che  SKM  or 
the  5  inch  diameter  bulb  typical  of  large  hydro¬ 
gen  masers,  'with  an  enhanced  cavity  Q  of  24,000, 
the  pulling  factor  is  only  6  x  10*5.  The  thresh¬ 
old  for  oscillation  will  go  down  directly  as  the 
bulb  diameter,  so  les9  hydrogen  flux  will  be  re¬ 
quired.  The  spin  exchange  parameter  will  remain 
essentially  unchanged  from  that  of  larger  masers. 
Of  course,  the  intrinsic  accuracy  will  be  about  a 
factor  of  5  worse  chan  chat  of  large  hydrogen 
masers,  so  use  as  a  fundamental  standard  is  not 
anticipated,  buc  where  the  requirement  is  for 
.  xcoptional  stability  for  periods  up  to  a  few 
days  ~>r  a  few  weeks,  the  ESHM  may  be  very  useful. 

Figure  >  is  a  drawing  which  illustrates  che 
remarkable  size  reduction  that  may  be  accomplish¬ 
ed.  This  shows  the  "physics  package"  of  a  design 
which  is  only  5  inches  in  diameter  and  10  inches 
in  length.  This  is  also,  most  likely,  the  small¬ 
est  practical  size,  since  the  source  assembly  is 
about  the  size  of  the  cavity,  and  may  not  he 
reduced  significantly  without  encountering  »i is¬ 
sue  iator  problems.  The  pump  and  the  required 
electronics  are  also  comparable  in  weight  and 
size  to  the  physics  package,  thus  there  is  little 
motivation  to  further  reduce  the  physics  package 
s  ize . 


Stability  Goals 


Figure  4  illustrates  the  stability  goals  for 
the  "Extremely  Small  Hydrogen  Maser,"  as  well  as 
the  expected  performance  of  the  "Small  Hydrogen 
Maser."  For  reference,  the  stability  currently 
realized  with  typical  good  conventional  large 
hydrogen  masers  is  shown. 


Though  the  stability  of  the  SHM  (or  the 
ESHM)  has  not  yet  been  measured,  there  is  a  good 
basis  for  predicting  what  it  should  be  if  we 
achieve  cavity  stability  similar  to  that  which 
is  obtained  with  analogous  el -/ccro-mechanical 
oscillators  under  optimum  environmental  con¬ 
ditions.  It  should  be  emphasized  that  the  hydro¬ 
gen  maser  nav  be  viewed  as  a  device  which  improves 
upon  the  stability  of  j  cavity  resonator  by  the 
ratio  of  line  Q  to  cavity  Q  -  typically  about 
a  factor  of  lo>. 


T.iforet  i  ca  l  noise  limits  do  not  provide  a 
good  basis  for  estimating  th*-  stability  of  a 
gain-*»nhanc*M  .-avity  system  because  long  term 


>vstcradt ic  variables  or  the  degree  oi  environ¬ 
mental  isolation  achieved  are  the  predominant 
considerations.  Consideration  of  the  performance 
of  devices  such  aa  super-conducting  cavity  stabi¬ 
lized  oscillators,  or  crystal  oscillators,  wmen 
depend  directly  on  gross  physical  dimensions  just 
as  a  microwave  cavity  does,  give  a  very  optimistic 
view  of  che  stability  potential  for  a  ma9er  with 
enhanced  cavity  Q.  For  example,  improvement  by  a 
factor  of  6  x  10"^  over  the  stability  of  a  very 
good  crystal  oscillator  would  give  stabilities 
in  the  10”^  range  (other  limits,  such  as  per¬ 
turbing  noise  or  additive  noise,  would  actually 
be  encountered  before  this  level  is  achieved.) 

Thus  the  simple  addition  of  an  amplifier  in  a 
cavity  loop  does  not  inherently  make  the  system 
unstable  in  trequency.  There  is,  therefore,  a 
very  good  basis  for  predicting  che  stabilities 
illustrated  in  figure  for  the  "Extremely  Small 
Hydrogen  Maser"  as  well  as  for  che  "Small 
Hydrogen  Maser." 


Cone  ius ion 

The  work  reported  nerein  has  been  undertaken 
to  demonstrate  that  the  excellent  stability  pro¬ 
perties  of  a  good  hydrogen  maser  may  be  achieved 
with  practical  masers  which  are  an  order  of  magni¬ 
tude  smaller  and  lighter  than  the  conventional 
large  maser.  The  present  results  and  considera¬ 
tions  provide  an  excellent  basis  for  confidence 
that  this  goal  may  be  attained. 
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